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It has been demonstrated that memory performance is greater for produced items (e.g., items read aloud) than non-produced items (e.g., items read silently: MacLeod, Gopie, Hourihan, Neary, . This "production effect" is usually explained using a distinctiveness account -items with more distinct elements are specially encoded and more likely to be retrieved from memory than items with fewer distinct elements (see .
For example, during encoding, the additional distinct elements of articulation (the motor movements associated with saying the word aloud) and audition (hearing the word aloud) make items read aloud more robust in memory than items read silently. During retrieval these additional distinct features (e.g., articulation and audition) make items read aloud easier to recall than items read silently. Supporting a distinctiveness account, the production effect disappears when unstudied foil items are read aloud . Further, the production effect is present but reduced when study items are presented in between-participant (Dodson & Schacter, 2001; Hopkins & Edwards, 1972; MacLeod et al., 2010) or pure list designs see Fawcett, 2013 , for a meta-analysis).
Although read aloud and read silently are often used for the two comparison instruction conditions in the production paradigm, other forms of production have also been used. These include mouthing (Castel, Rhodes, & Friedman, 2013; Fawcett, Quinlan, & Taylor, 2012; Forrin, MacLeod, & Ozubko, 2012; MacLeod et al., 2010) , spelling (Forrin et al., 2012) , writing (Forrin et al., 2012) , typing (Forrin et al., 2012; Richler, Palmeri, & Gauthier, 2013) , whispering (Forrin et al., 2012) , and singing (Quinlan & Taylor, 2013) . With the exception of Quinlan and Taylor (2013) , all of the above studies have found that reading aloud results in a greater production effect compared to other forms of production (e.g., mouthing, spelling, writing, typing, and whispering -in particular, see Forrin et al., 2012) . However, Quinlan and Taylor (2013) reported NEURAL BASIS OF THE PRODUCTION EFFECT 4 that singing resulted in a greater production effect than reading aloud. This enhanced production effect for singing was given as further evidence for the distinctiveness account of the production effect: Compared to reading silently, reading aloud is assumed to involve both articulation and audition, whereas singing is assumed to involve the dynamic elements of intensity, pitch, and/or timbre in addition to articulation and audition (Quinlan & Taylor, 2013; Roederer, 2008) .
While there is a large body of behavioural evidence that supports a distinctiveness account for the production effect (e.g. Dodson & Schacter, 2001; Hopkins & Edwards, 1972; MacLeod et al., 2010; Quinlan & Taylor, 2013; Icht, Mama, & Algom, 2014 ; although see Bodner & Taikh, 2012; Fawcett, 2013) , the neural mechanisms that underpin this effect have thus far not been explored. The current inquiry used electroencephalography (EEG) to chart the neural basis for the production effect. In addition, we also examined the relation between evoked cortical responses during encoding and subsequent memory to further examine the distinctiveness account of the production effect.
The P300 component of the human event-related brain potential (ERP) is a positive deflection in ERP waveforms observed 300 ms to 600 ms after stimulus presentation with a scalp distribution over the midline electrodes (Fz, Cz, Pz; see Polich, 2007 , for a review). Although there are at least two subcomponents of the P300 (P300a, P300b), here we will focus on the P300b (and simply call it the P300) subcomponent that tends to be larger over parietal areas of cortex and is thought to index cognitive processing (Comerchero & Polich, 1999; Donchin & Coles, 1988) . The P300 has been associated with a variety of cognitive processes, including context updating (Donchin, 1981) and resource allocation (Donchin, Karis, Bashmore, Coles, & Gratton, 1986) . Additionally, a general finding in memory paradigms utilizing the ERP technique is that the amplitude of the P300 during item encoding is positively correlated with NEURAL BASIS OF THE PRODUCTION EFFECT 5 subsequent memory performance (Paller, Kutas, & Mayes, 1987; Rushby, Barry, & Johnstone, 2002) and strength of memory formed during encoding (Crites, Devine, Lozano, & Moreno, 1998; Patterson, Pratt, & Starr, 1991) .
Of particular relevance here, the P300 component has also been associated with distinctiveness. For instance, Karis, Fabiani, and Donchin (1984) manipulated distinctiveness via the font size of words (small, medium, large) at item encoding and found that: (a) the amplitude of the P300 was larger for distinct words as opposed to non-distinct words, and (b) distinct words were more likely to be recalled at test. Fabiani and Donchin (1995) replicated these effects for physically and semantically distinct words. They found that the amplitude of the P300 was greater for distinct as opposed to non-distinct words, and that participants were more accurate at recalling distinct words than non-distinct words. Together, these findings (and others) suggest that the amplitude of the P300 component is sensitive to distinctiveness in addition to being predictive of subsequent memory performance (see Fabiani & Donchin, 1995; Fabiani, Karis, & Donchin, 1990; Kamp, Forester, Murphy, Brumback, & Donchin, 2012; Karis et al., 1984) .
Given that the amplitude P300 ERP component is sensitive to distinctiveness, this component offers a potential index to delineate the processes that underpin this aforementioned production effect.
In the present study, during an initial study phase, participants were shown a series of words that they either had to read silently, read aloud, or sing aloud while EEG data were recorded. After a brief delay, participants completed a yes/no recognition test in which they were required to distinguish between studied and unstudied items. In line with the distinctiveness account of the production effect (i.e., Quinlan & Taylor, 2013) and the relation between the P300 ERP component and distinctiveness (e.g., Fabiani & Donchin, 1995) , here we predicted that NEURAL BASIS OF THE PRODUCTION EFFECT 6 P300 amplitude would scale with increasing distinctiveness and that this relation would be mirrored in memory performance. More specifically, in line with Quinlan and Taylor (2013) , we hypothesized that reading aloud involves more distinct items than reading silently, and singing in turn involves more distinct dimensions than reading aloud. Given the relation between P300 amplitude and distinctiveness, we predicted that the amplitude of the P300 evoked by an instruction to sing a word would be larger than the amplitude of the P300 evoked by an instruction to read a word aloud, and critically that the amplitude of the P300 evoked by an instruction to read a word aloud would be larger than the amplitude of the P300 evoked by an instruction to read a word silently. 
Method

Apparatus and Stimuli
This experiment was loaded on a PC, Windows 7, running MATLAB Version 7.14 (Mathworks, Natick, USA) using the Psychophysics Toolbox Extension (Brainard, 1997) . At study, a USB webcam microphone was used to automatically detect whether participants sang or NEURAL BASIS OF THE PRODUCTION EFFECT 7 spoke on a trial prior to an auditory cue 1 and at test a standard USB game controller was used to perform a computerized memory task. All text was presented against a uniform black background in Arial size 40 font.
Four hundred and eighty words were selected from the Paivio, Yuille, and Madigan (www.math.yorku.ca/SCS/Online/paivio/) word generator. The words were all nouns, 3 to 13 letters in length with a mean of 6.92 letters and 2.30 syllables. The words had a mean KuceraFrancis (1967) word frequency of 31.84, a mean imagery rating of 4.92, a mean concreteness rating of 4.96, and a mean meaningfulness rating of 5.84. The study words were printed in red, blue, or yellow coloured font, which represented three conditions: Read Silently, Read Aloud, and Sing. For the yes/no recognition phase, all words were also printed in red, blue, or yellow coloured font, however "yes" responses to unstudied foil words (regardless of colour) were combined into a single false alarm rate.
Prior to testing each participant, the 480 words were randomly distributed into three study lists (Read Silently, Read Aloud, Sing), each consisting of 80 words, and three foil lists (i.e.,
items not presented at study), each consisting of 80 words.
Procedure
Prior to beginning the experiment, participants received both oral and written instructions, and were encouraged to minimize head movements and eye blinks. Participants were told that they would be presented with a study phase immediately followed by a recognition phase. For the study phase, participants were told that they would be presented with a series of words one at a time, printed in white font that would change to a red, blue, or yellow font colour after a short delay. Each font colour represented a specific instruction condition, which was randomized across participants. For the recognition phase, participants were informed that they would be required to complete a memory test for which the instructions would appear at that time. Finally, before beginning the experiment proper, participants were told that we would need to calibrate the microphone, after which they would be required to complete both a familiarization phase and a practice phase. These two phases were designed to ensure that participants were comfortable with the three instruction conditions (Read Silently, Read Aloud, Sing) before beginning the experiment proper (see Quinlan & Taylor, 2013 , for similar methodology).
Calibration. Before beginning the experiment, we calibrated the USB webcam microphone for each participant. To do this, participants were asked to say the word "banana" aloud, 10 times, while their voice was recorded by the microphone. The experimental program determined the maximum audio level of the recording; half of this value was set as the threshold for detecting singing or speaking onset during the experiment. The microphone was used in the study phase to detect whether participants sang or spoke on a trial prior to the presentation of an auditory cue.
Familiarization phase. Participants were presented with 15 trials designed to familiarize them with the three font colours (red, blue, yellow) and their associated instruction conditions (Read Silently, Read Aloud, Sing). There were five trials for each colour and its associated instruction condition, which were presented in random order. For each familiarization trial, a blank screen was presented for 500 ms followed by the verbal descriptor of the colour along with NEURAL BASIS OF THE PRODUCTION EFFECT 9 its associated instruction condition (e.g., 'RED-Sing') at centre for 2000 ms. Both the name of the colour and the associated instruction condition were printed in the indicated colour (e.g., 'RED-Sing' was printed in red).
Practice Phase. As in the familiarization phase, participants were presented with 15 trials to ensure that participants were comfortable with the instruction conditions and also to give them practice with the three instruction conditions (Read Silently, Read Aloud, Sing). There were 15 required practice trials: five for each instruction condition, randomly intermixed. For each practice trial, a fixation cross, which was 0.6 degrees of visual angle wide, appeared for 400 -600 ms, and was then replaced with the word "banana" written in white-coloured text, measuring 0.9 degrees of visual angle high. Here, as in the study phase, the timings of events were jittered to reduce the impact of the ERP in response to the preceding event on the event of interest (Woldorff, 1993) . After 800 -1000 ms, the word changed colour to red, blue, or yellow font to indicate the instruction for that trial (Read Silently, Read Aloud, Sing). After another 800 -1000 ms, a 50 ms auditory tone (sine wave, 3000 Hz) cued participants to follow the instruction for that trial. For example, if the word was presented in red, the auditory cue indicated that participants should sing that word; if the word was presented in blue, the auditory cue indicated that participants should read the word aloud; if the word was presented in yellow, the auditory cue indicated that participants should read the word silently (i.e., make no overt response or mouth movement).
Participants had 2000 ms to follow the instruction before a new trial began. These practice trials were identical to those in the study phase with the exception that "banana" was the only word presented during practice. Following the presentation of the 15 practice trials, participants were given two options: (1) If they were comfortable with the instruction conditions and their performance on the practice trials, they could proceed to the study phase, or (2) If they were not comfortable with the instruction conditions or their performance on the practice trials, they could repeat the practice phase until they reached a point where they felt comfortable to proceed to the study phase.
Study Phase. The study phase consisted of a total of 240 trials: 80 trials in each of the three instruction conditions (Read Silently, Read Aloud, Sing), presented randomly. The timing of each study phase trial was identical to those in the practice phase. On each trial of the study phase, a central fixation cross, which was 0.6 degrees of visual angle wide, appeared for 400 -600 ms. Next, the fixation cross was replaced with a word, written in white-coloured font, which was 0.9 degrees of visual angle high. Each word was selected randomly without replacement from the Read Silently, Read Aloud, or Sing study list. After 800 -1000 ms, the word changed colour to red, blue, or yellow font to indicate the instruction for that trial (Read Silently, Read
Aloud, Sing). After 800 -1000 ms, an auditory tone (sine wave, 3000 Hz) was presented for 50 ms to cue participants to follow the instruction for that trial. Participants had 2000 ms to follow the instruction before a new trial began. For all study trials, a USB webcam microphone was used to detect whether participants sang or spoke prior to the auditory cue. Trials for which participants sang or spoke early were marked in the EEG file and removed from subsequent analysis.
Recognition Phase. Immediately after completing the study phase, participants proceeded to the recognition phase, which consisted of a self-paced yes/no recognition test. At the beginning of the recognition phase, instructions appeared at the top of the computer screen and remained there for the duration of the phase. Using the controller, participants were instructed to press the button on the left if they recognized the word from the study trials and to
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press the button on the right if they did not recognize the word from the study trials (i.e., if it was a foil word). Immediately after a button was pressed, the next trial began.
For each recognition trial, a central fixation cross (8 mm, or 0.6 degrees) appeared for 400 -600 ms followed by a word, which was presented in red, blue, or yellow coloured font and remained on the display until a response was made. In total, there were 480 recognition trials: the 240 words presented in the study phase plus 240 foil words, randomly intermixed. The 240 items from the three study lists were printed in the same colour font as they were in the study phase: 80 study items were printed in red, 80 study items were printed in blue, and 80 study items were printed in yellow. The 240 items from the three foil lists were printed in colours that corresponded to the study phase conditions: 80 foil items were printed in red, 80 foil items were printed in blue, and 80 foil items were printed in yellow. In contrast to the study phase, in the recognition phase participants were not required to perform the instruction condition (Read Silently, Read Aloud, Sing) associated with the font colour (red, blue, yellow) of the word.
Data Collection
The kΩ. The EEG data were sampled at 1000 Hz, amplified (Quick Amp, Brainproducts, GmbH, Munich, Germany), and filtered through a passband of 0.017 Hz -67.5 Hz (90 dB octave roll off).
Data Analysis
For the behavioural data, a hit was defined as a 'yes' response to studied words from the Read Silently, Read Aloud, and Sing instruction conditions; a false alarm was defined as a 'yes' response to unstudied foil words. The yes proportions for studied words (hit rate) and unstudied foil words (false alarm rate) were computed for each participant and analyzed in a one-way ANOVA as a function of condition (Read Silently, Read Aloud, Sing, Foil).
EEG data were filtered through a (0.1 Hz -20 Hz pass band) phase shift-free Butterworth filter and re-referenced to the average of the two mastoid channels. Next, ocular artifacts were corrected using the algorithm described by Gratton, Coles, and Donchin (1983) . Subsequent to this, all trials were baseline corrected using a 200 ms epoch prior to stimulus onset. Finally, trials in which the change in voltage in any channel exceeded 10 µV per sampling point or the change in voltage across the epoch was greater than 100 µV were discarded. In total, less than 10% of the data were discarded due to artifacts (Silent: 8.9%; Speak: 9.2%; Sing: 8.3%). Additionally, 0.2% of the EEG segments were removed from analysis because a participant sang or spoke early (i.e., before the presentation of the auditory tone).
To examine whether the P300 amplitude would be sensitive to specific instructions (Read Silently, Read Aloud, Sing), 800 ms epochs of data (from 200 ms before stimulus onset to 600 ms after stimulus onset) were extracted from the continuous EEG for each trial, channel, and participant for all colour changes (white to either red, blue, or yellow) during the study phase.
ERPs were created for each condition (Read Silently, Read Aloud, Sing) by averaging the stimulus-locked EEG data for all trials in a condition and for all participants at each channel. We NEURAL BASIS OF THE PRODUCTION EFFECT 13 defined the P300 component for each condition as the mean deflection in the average waveforms 300 -550 ms post stimulus at the channel where the mean deflection was maximal (Silent: C2, Read Aloud: PO4, Sing: PO4) 2 . The time window 300 -550 ms post stimulus was chosen based on the location of the peaks of the grand averages for each condition. P300 peaks were analyzed in a one-way ANOVA as a function of instruction condition (Read Silently, Read Aloud, and Sing).
Results
Behavioural Results
Mean "yes" response proportions were analyzed in a one-way ANOVA by condition 
EEG Results
2 We chose to quantify each component at the channel where it was maximal for each condition (Luck, 2014) -an approach that resulted in a different channel being analyzed for one of the conditions (Silent: C2, Read aloud and Sing, PO4). However, we also conducted our analyses using channel PO4 for all conditions and found the same pattern of results as reported here.
The amplitude of the P300 was calculated on a subject-by-subject basis for each instructional condition (see Figure 1 for grand average ERP waveforms). The P300 data were submitted to a three level (Read Silently, Read Aloud, Sing) one-way repeated measures ANOVA. Paralleling our behavioural data, we again observed an effect of instruction condition, 
Discussion
In the present study, we provide some replication of previous behavioural findings on the production effect. Specifically, we found enhanced memory performance for produced items relative to non-produced items (Read Aloud/Sing > Read Silently). This observation is partially in line with previous work by Quinlan and Taylor (2013) who reported a production effect in memory for singing and reading aloud relative to reading silently. However, unlike Quinlan and Taylor (2013) , our post hoc comparisons did not reveal any difference between memory performance for words that were read aloud and words that were sung. Mirroring our behavioural results, the current investigation revealed larger P300 amplitudes for instructions to produce words (read aloud or sing) than for instructions to read silently. As with our behavioural data, we found no statistically reliable difference in P300 amplitude at time of encoding between the Sing and Read Aloud instruction conditions.
Previous work has linked increases in the amplitude of the P300 component with increases in distinctiveness and related increases in memory performance at test (see Fabiani & Donchin, 1995; Fabiani et al., 1990; Kamp et al., 2012; Karis et al., 1984) . Our findings are thus partially, albeit not fully, consistent with the distinctiveness account of the production effect (see below). Compared to reading silently, reading aloud includes at least two distinct elements (articulation and audition) and singing may include the additional distinct elements of intensity, pitch, and/or timbre (Quinlan & Taylor, 2013 ; see also Forrin et al., 2012 as well as Roederer, 2008 . While some neuroimaging studies have identified differential patterns of neural activation for singing and reading aloud during production (e.g., Jeffries, Fritz, & Braun, 2003; Özdemir, Norton, & Schlaug, 2006; Stewart, Walsh, Firth, & Rothwell, 2001 ), these findings have not been related to subsequent memory performance or to the production effect literature. Given that the amplitude of the P300 component is sensitive to distinct processing (e.g., Fabiani & Donchin, 1995; Fabiani et al., 1990; Kamp et al., 2012; Karis et al., 1984) , and assuming that singing adds distinct features beyond simply reading aloud, our results do not support a distinctiveness account of the production effect. In this experiment, P300 amplitude appeared to be sensitive only to production: reading aloud and singing relative to reading silently.
The P300 component has also been identified as a measure of effort (Kok, 2001 ), peculiarity (Donchin & Coles, 1988) , and saliency (Squires, Donchin, Herning, & McCarthy, 1977) . As well, it has been shown to be sensitive to increases in cognitive load (Krigolson, Heinekey, Kent, & Handy 2012) . Differences in the P300 component observed in the current study may thus reflect a range of different processes that could contribute to the production advantage, although time-locking events to the instruction to encode, rather than to the initiation of task performance, suggests that these effects are unlikely to be associated with task effort per se (see also Forrin, Jonker, & MacLeod, 2014) .
The Distinctiveness Account of the Production Effect, Memory, and the P300 Surprisingly, we were unable to completely replicate the results of Quinlan and Taylor (2013) . In particular, while we observed a production effect -both read aloud and sung words were more likely to be recognized than silently read words -we observed no difference between the recall of sung and read aloud words. Further, we found no difference in P300 amplitude between the sing and read aloud conditions. Thus, on the surface, our results do not appear to support the distinctiveness account of the production effect. According to Quinlan and Taylor's (2013) interpretation, the distinctiveness account of the production effect would predict that singing includes more distinct items than reading aloud, thereby providing the basis for the memorial advantage previously observed for sung items. Why was this advantage not observed in the present experiment? The simplest answer is that it may be that some (or all) of our participants did not sing the words in a manner that included the distinct elements of intensity, pitch, and/or timbre. Indeed, the production effect has been associated with greater engagement of the motor system (e.g., Bodner & Taikh, 2012) . If in the present experiment the motor system was similarly engaged between the Sing and Read Aloud conditions, then one would not predict a difference between these conditions.
Another explanation for our failure to fully replicate Quinlan and Taylor (2013) centers on a methodological difference between the two experiments. Here, for ERP methodological reasons, we separated the instruction to sing, read aloud, or read silently from the instruction to perform the action. We chose to do this to remove possible motor contamination in the ERPs from the instruction cue. However, by doing so, we created an instruction cue that provided intention but not an actual command to perform. Indeed, it could be that the temporal separation between intention and production resulted in a reduced distinctiveness for sung words. In other words, the distinctiveness generated by the instruction is a separate cue to memory than the distinctiveness generated by the processing engaged to execute that instruction (which becomes less distinct the longer the delay to enactment). Both are important in the effect observed by Quinlan and Taylor (2013) , but the latter became weaker in the present study, given the necessities of design.
Although our findings offer a potential neural marker for studying the production effect, our study is not without limitations. For example, it is possible that the effect of instruction condition on the P300 component is separate from and unrelated to the effect of instruction condition on memory performance. However, given that numerous studies (e.g., Fabiani & Donchin, 1995; Fabiani et al., 1990; Kamp et al., 2012; Karis et al., 1984) have reported a direct relation between the amplitude of the P300 component at encoding and memory performance at test, we believe that this is also likely true in our study; future work should explicitly explore this possibility. Participants were told that all encoding trials would be monitored using a microphone and that if they spoke or sang early the current trial would be discarded. While this warning was highly effective (very few trials were discarded due to early singing/speaking) we may have inadvertently impacted the encoding of sung/spoken words in some way.
In conclusion, we observed better memory recall and increased P300 amplitudes for encoding instructions to read aloud and sing relative to an encoding instruction to read silently.
Although our results reflect a production effect -produced items had a memorial advantage and increased P300 amplitudes relative to non-produced items -our results are not fully in line with NEURAL BASIS OF THE PRODUCTION EFFECT 18 the distinctiveness account of the production effect (at least if it is assumed that, relative to speaking, singing increases the number of distinctive features). Rather, our results highlight that the P300 ERP component, at least in the context of the present experiment, is sensitive to production. Further research at the neural level should put the role of distinctiveness -and indeed of other potential underlying mechanisms -in the production effect to stringent test. 
